Pseudomonas putida S-313 can utilize a broad range of aromatic sulfonates as sulfur sources for growth in sulfate-free minimal medium. The sulfonates are cleaved monooxygenolytically to yield the corresponding phenols. miniTn5 mutants of strain S-313 which were no longer able to desulfurize arylsulfonates were isolated and were found to carry transposon insertions in the ssuEADCBF operon, which contained genes for an ATPbinding cassette-type transporter (ssuABC), a two-component reduced flavin mononucleotide-dependent monooxygenase (ssuED) closely related to the Escherichia coli alkanesulfonatase, and a protein related to clostridial molybdopterin-binding proteins (ssuF). These mutants were also deficient in growth with a variety of other organosulfur sources, including aromatic and aliphatic sulfate esters, methionine, and aliphatic sulfonates other than the natural sulfonates taurine and cysteate. This pleiotropic phenotype was complemented by the ssu operon, confirming its key role in organosulfur metabolism in this species. Further complementation analysis revealed that the ssuF gene product was required for growth with all of the tested substrates except methionine and that the oxygenase encoded by ssuD was required for growth with sulfonates or methionine. The flavin reductase SsuE was not required for growth with aliphatic sulfonates or methionine but was needed for growth with arylsulfonates, suggesting that an alternative isozyme exists for the former compounds that is not active in transformation of the latter substrates. Aryl sulfate ester utilization was catalyzed by an arylsulfotransferase, and not by an arylsulfatase as in the related species Pseudomonas aeruginosa.
The sulfur content of aerobic soils is made up almost entirely of sulfonates and sulfate esters of undefined structure. Inorganic sulfate, by contrast, is comparatively poorly represented and constitutes less than 5% of the sulfur in these environments (2) . In order to meet their sulfur requirements, soil bacteria must therefore be able to mobilize this organically bound sulfur and assimilate it into cell material. Utilization of the naturally occurring alkanesulfonates taurine, isethionate, and cysteate as sulfur sources is widespread in soil isolates (24, 38) , although complete degradation of these compounds as carbon and energy sources appears to be limited to a few species. The ability to hydrolyze alkyl or aromatic sulfate esters is also common in bacteria from soil and water environments. Arylsulfatase is a stable soil enzyme and has been used as a marker for biological activity in soils (37) . Alkyl sulfatase enzymes are also very common and were found in 15% of isolates obtained nonselectively from a noncontaminated environment (52) .
In contrast to the naturally occurring alkanesulfonates and aliphatic and aromatic sulfate esters, aromatic sulfonates are regarded as xenobiotic compounds (20) and are produced industrially as surfactants, dyestuffs, and cement additives. These compounds are mineralized as a carbon source by a number of bacterial isolates, but the dioxygenase systems that catalyze the desulfonation step are limited in the range of substrates that they will accept. Species that accept arylsulfonates as a sulfur source, by contrast, tolerate a broad range of different substituents on the aromatic ring (12, 21, 54) . The best-characterized such isolate is Pseudomonas putida S-313 (54) . Desulfonation of arylsulfonates in this strain is catalyzed by a putative monooxygenase system, which converts the substrate quantitatively to the corresponding phenol (21, 54) . Although the sulfonatase has not yet been stabilized in vitro, whole-cell experiments have shown that its expression is repressed during growth with preferred sulfur sources such as sulfate, cysteine, or thiocyanate (5) . The arylsulfonatase, and/or an arylsulfonate transport system, is therefore a member of a substantial group of proteins whose synthesis is downregulated in the presence of sulfate or cysteine and derepressed during growth with organosulfur sources or during starvation for sulfur (19, 22, 47) .
In a previous study (49) , we isolated a number of classes of transposon mutants of P. putida S-313 which had lost the ability to grow with aromatic sulfonates as the sulfur source. Mutants from two of these classes appeared to show a pleiotropic phenotype and were deficient not only in growth with arylsulfonates but also in growth with a variety of other organosulfur compounds. We report here the further characterization of one of these mutant classes and the cloning and molecular characterization of the P. putida ssu gene cluster. Our results show that the ssu gene products, and especially SsuD and SsuF, play a role in desulfurization of a variety of organosulfur compounds in P. putida.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . All P. putida strains were grown aerobically at 30°C in a succinate-salts minimal medium (22) . Sulfur sources were added as described in Results, to a final concentration of 250 to 500 M. Escherichia coli was grown aerobically in Luria-Bertani medium (36) at 37°C. Growth was monitored as turbidity at 600 or 650 nm. Antibiotics were added at the following concentrations: for E. coli ampicillin at 100 g/ml, tetracycline at 25 g/ml, gentamicin at 15 g/ml, and kanamycin at 25 g/ml; for P. putida, tetracycline at 25 g/ml, gentamicin at 25 g/ml, and kanamycin at 25 g/ml. When required in sulfate-free medium, kanamycin chloride (25 g/ml) was prepared and used as previously described (47) . Sulfur-limited solid media were prepared by addition of 1.5% molecular biology grade agarose (Eurobio).
Measurement of growth characteristics. Growth experiments were done at 30°C in microtiter plates with 150 l of culture using a SPECTRAmax Plus microtiter plate reader with SOFTmax PRO software (Molecular Devices), as previously described (48) . The turbidity at 650 nm was measured every 5 min, and the plate was shaken for a period of 30 s before each measurement.
For growth under molybdenum starvation conditions, all buffers were made up in plastic ware instead of glassware, and the cells were precultured overnight in molybdenum-free medium. All glassware used for this experiment was washed consecutively with 3 M HCl (three times), 0.4 M NaOH (three times), and double-distilled water (three times).
DNA manipulations. Plasmid isolation, restriction enzyme digestion, and transformation of E. coli were carried out using published procedures (1). P. putida was transformed by electroporation in 0.1-cm cuvettes (12.5 kV/cm), using a GenePulser apparatus (Bio-Rad, Hercules, Calif.). Southern analysis was carried out by standard methods (1), using digoxigenin-labeled probes labeled by PCR.
Cloning of the ssuEADCBF genes. The interrupted genes in mutant strains SN34, PW2, PW7, and PW10 were identified by the transposon rescue techniques previously described (19) . Suitably sized transposon-containing DNA fragments were identified by Southern analysis using the digoxigenin-labeled kan gene as a probe. For sequencing and complementation studies, a 7.5-kb ClaI fragment from strain SN34 was cloned into linearized, dephosphorylated pBluescript vector, to give plasmid pME4071. A 1.4-kb KpnI-EcoRI fragment from pME4071 was cloned into pBluescript vector to give pME4404, containing ssuEЈ. A 5.2-kb XhoI-HindIII chromosomal DNA fragment containing ssuЈEADCBF was cloned into pBluescript to give pME4420, and this 5.2-kb fragment was subsequently cut out of pME4420 and transferred into pME4404 linearized with XhoI-BamHI, to give pME4421. The entire operon was recloned into pBBR1MCS-3 as an XbaI fragment to give plasmids pME4423 and pME4424, and deletion plasmids were constructed from pME4423 by removal of the following fragments and blunting where required: pME4431 (⌬ssuE), XhoI-SapI deletion; pME4432 (⌬ssuA), BsrG1-Bpn 11021 deletion; pME4433 (⌬ssuD), StuI-Eam 1105I deletion; and pME4578 (⌬ssuEADCB), XhoI-MunI deletion. pME4443 was constructed by inserting a 796-bp PCR fragment generated with primers ssuprofor2 (5Ј-AAGAGCTCCCCAAAGGTTATCGCG-3Ј) and ssuprorev1 (5Ј-TCGTGCAAGCGCTCTTCC-3Ј) into SacI-SapI-digested pME4424. For overexpression, the ssuE gene was cloned into pET-24b (Novagen) as a 592-bp PCR fragment generated with primers ssuEfor (5Ј-AAGCGC TCATATGCTGGTCGTC-3Ј) and ssuErev (5Ј-AAACTCGAGGATGCTCCA GCGGGCGC-3Ј) to yield plasmid pME4368. Overexpression was carried out in E. coli BL21(DE3), at 25°C.
Enzyme assays. Flavin reductase activity was assayed as NAD(P)H-dependent flavin mononucleotide (FMN) reduction at 430 nm as previously described (23) . Arylsulfatase activity was measured as conversion of nitrocatecholsulfate to nitrocatechol ( ϭ 515 nm; ε ϭ 13,000 M Ϫ1 ) (4). Arylsulfotransferase assays (500-l mixtures) contained nitrocatecholsulfate (10 mM), 50 l of cell lysate (prepared with washed, exponential-phase cells), and acceptor (10 mM) (see Table 3 ) in 70 mM Tris acetate, pH 9.0. The assay mixture was incubated at 30°C for 60 min, during which period enzyme activity was linear with time (data not shown). Release of 4-nitrocatechol was measured spectrophotometrically at 515 nm. When phenols were used as acceptors, the reading was corrected for the absorbance at 515 nm of a blank assay mixture containing no nitrocatecholsulfate.
DNA sequence analysis. DNA sequences were determined on both strands using an ABI Prism 310 sequencer. Analysis of DNA and protein sequences was done with the Genetics Computer Group package. Signal peptide analysis was carried out by the method of Nielsen et al. (33) .
Other methods. Two-dimensional gel electrophoresis was carried out as previously described (19) , and proteins were excised from the gel and concentrated by standard methods (10) . N-terminal amino acid sequences were determined by Edman degradation using an Applied Biosystems 120A PTH Sequenator. Protein was measured with the Bio-Rad protein reagent (6), using bovine serum albumin as the standard.
Nucleotide sequence accession number. The nucleotide sequence reported in this study has been deposited in the GenBank database under accession number AF075709.
RESULTS
Mutants of P. putida S-313 with a pleiotropic defect in organosulfur metabolism. P. putida S-313 is able to grow with a variety of different organosulfur compounds as the sulfur source for growth. To investigate the genetic basis for growth with sulfonates and sulfate esters, we carried out transposon mutagenesis with miniTn5Km and screened the mutants obtained for loss of the ability to grow either with benzenesulfonate or with 5-bromo-4-chloro-indoxylsulfate (X-sulfate) as the sulfur source. Growth of these strains was then further tested in a sulfur-free succinate-salts medium with a variety of organosulfur compounds as the sole sulfur sources. Four of the mutants identified, strains SN34, PW2, PW7, and PW10, were found not only to be defective in desulfurization of benzenesulfonate or X-sulfate but also to have lost the ability to grow with a variety of other organosulfur compounds, including a range of aromatic and aliphatic sulfonates or aromatic and aliphatic sulfate esters. Growth of strain SN34 was studied in more detail (Table 2) , and this strain was also found to be unable to grow with methionine or methionine biosynthetic intermediates as the sulfur source, although the other three mutants could desulfurize these compounds. All of the mutant strains grew as fast as the wild-type strain when sulfate, cysteine, or thiocyanate was supplied as the sulfur source, demonstrating that the defects were not located in the sulfate assimilation pathway. Interestingly, in the presence of taurine (2-aminoethanesulfonate) or cysteate, strain SN34 grew at the same rate as the wild type, though it did not grow with isethionate (2-hydroxyethanesulfonate). This suggests that taurine and cysteate are desulfurized by a pathway separate from that for other alkanesulfonates in this species, as previously reported for E. coli with taurine (47), and that the sulfite released by the taurine desulfonation reaction can be utilized normally by strain SN34. Together, these results showed that the transposon insertions in the mutant strains were in a locus (or loci) which was specifically involved in organosulfur utilization and not in the well-characterized sulfate assimilation pathway (28) .
Cloning and sequence analysis of the ssuEADCBF genes. In order to characterize the mutated loci in strain PW2, PW7, PW10, and SN34, the regions flanking the miniTn5 insertions were cloned by transposon rescue techniques and sequenced. Full sequencing of a 5.9-kb fragment ( Fig. 1 ) revealed that the transposon insertions had all occurred in a six-gene operon ssuEADCBF, with SN34 being interrupted 50 bp from the end of the ssuE gene, PW10 being interrupted 100 bp from the start of ssuC, and PW2 and PW7 being interrupted in ssuB (550 and 455 bp from the start of ssuB, respectively). A further open reading frame, lsfA, was identified upstream of ssuE, reading in the same direction as the ssu genes but separated from them by 235 bp. All of the ssu reading frames were preceded by good consensus ribosome binding sites, and the overall GC content of the coding region was 65%. Sequence comparison of the ssu genes revealed that the operon encoded two separate groups of proteins. The first group consists of ssuA, ssuB, and ssuC, which are the genes for a putative ATP-binding cassette (ABC)-type transport system. SsuA is a 200-amino-acid protein showing highest similarity (57% amino acid identity) to the taurinebinding protein (47) . This assignment as a periplasmic protein was confirmed by the presence of a putative signal peptide (amino acids 1 to 28). SsuB and SsuC correspond, respectively, to the ATP-binding component (32 to 65% identity to the ATP-binding components of known transporters) and the permease component (25 to 40% identity to known permease components) of such systems. Hydrophobicity analysis of the SsuC protein revealed the presence of six putative transmembrane helices, and SsuB was found to contain the consensus motif expected for the ATP-binding component of a transport system (16) . The second group of proteins encoded in the ssu operon are encoded by the ssuD and ssuE genes. These are present in a number of species, and in E. coli they have been shown to encode a two-component desulfonative monooxygenase system. This consists of the NADPH:FMN reductase SsuE and the FMNH 2 -dependent desulfonative oxygenase SsuD, which catalyzes the desulfonation of unsubstituted alkanesulfonates (13) . SsuD displays 22 to 30% identity to other FMNH 2 -dependent oxygenases, including SnaA (pristinamycin synthase, A subunit, which catalyzes the final step in biosynthesis of the antibiotic pristinamycin [42] ), DszA (dibenzothiophene [DBT]) dioxide monooxygenase, which cleaves DBT dioxide to the corresponding hydroxybiphenylsulfinate [15] ), and NtaA (nitrilotriacetate monooxygenase [25] ). The P. putida ssuD and ssuE gene products are very similar to the MsuE and MsuD proteins of Pseudomonas aeruginosa (30 and 71% amino acid identity, respectively) which are involved in methanesulfonate metabolism in this species (23) . Measurements of NADH-dependent FMN reductase activity in crude extracts of strains S-313 and SN34 showed no difference between the two strains, suggesting that more than one FMN reductase may be present in the cell, as has also been observed in P. aeruginosa. From the deletion studies presented below, however, SsuE appears to be required for utilization of aromatic sulfonates, and it may therefore form part of a complex with SsuD.
The distal gene in the ssu gene cluster, ssuF, encodes a small protein (7.6 kDa) with 40 to 43% identity to molybdopterinbinding proteins of Clostridium pasteurianum (18) and which is closely related to molybdopterin-binding proteins of Azotobacter vinelandii (30) and Rhodobacter capsulatus (50) .
The gene immediately upstream of the ssu genes, lsfA, encodes a 212-amino-acid protein which belongs to the thiolspecific antioxidant (ahpC-tsaA) family (7), with 44 to 70% identity to the AhpC or TsaA enzymes from the nematode Onchocerca volvulus, yeast, rice, barley, and various bacteria. This large family of related proteins is involved in responses to various types of oxidative stress. The derived N-terminal peptide sequence of LsfA was also 92.9% identical to the N-terminal sequence determined experimentally for protein PA11, one of the sulfate starvation-induced proteins of P. aeruginosa (19, 34) . Since expression of protein PA11 is regulated by sulfur supply, it seems likely that lsfA of P. putida is also regulated in the same manner. However, it is probably not cotranscribed with the ssu operon, since sequence analysis revealed a strong terminator signal 40 bp downstream of the lsfA stop codon (see below).
Regulation of SsuF expression by sulfate. In an earlier study (22) we reported that during growth in the absence of sulfate, cysteine, or thiocyanate, P. putida S-313 responds by synthesis of a set of additional proteins, the sulfate starvation-induced stimulon. The most intense of the proteins detected in the earlier study was a small (7.6-kDa) protein with a pI value of approximately 6.8. This protein was now identified on preparative two-dimensional gels (Fig. 2) , excised and concentrated by standard methods (10) , and subjected to N-terminal amino acid analysis. The amino acid sequence determined by Edman sequencing was XAINVRNQFKGTVK, which corresponded to the predicted sequence for SsuF. This indicated not only that the ssu operon is expressed only in the absence of sulfate but also that under derepressing conditions the distal gene in this operon is surprisingly strongly expressed.
SsuF is required for growth with sulfate esters and sulfonates but not with methionine. Strains PW2, PW7, and PW10 contained disruptions in the ssuB and ssuC genes (Fig. 1) . To test whether the observed phenotype was directly due to the loss of the disrupted genes or to a polar effect on ssuF, mutants PW7 and SN34 were transformed with the ssuF gene on plasmid pME4578. On this construct the ssuF gene is under the control of the lac promoter, which is constitutively expressed in Pseudomonas species. In the presence of ssuF, growth with hexylsulfate or nitrocatecholsulfate was restored in both mutants (Fig. 3) . Strain PW7 also regained the ability to utilize sulfonates as the sulfur source when provided with the ssuF gene, but strain SN34 did not, nor did strain SN34 regain the ability to grow with methionine as the sulfur source. This indicated that the SsuF protein is required for growth with sulfonates and sulfate esters but not with methionine. It also provided indirect confirmation that the ssuEADCBF genes are coexpressed as an operon, since the sulfate ester-negative phenotype of strain SN34 was due to the polar effect on ssuF expression of an insertion in ssuE.
Since the predicted peptide sequence of the 7.6-kDa SsuF protein showed similarity to several molybdopterin-binding proteins, it was tempting to speculate that a molybdoprotein might be involved in sulfate ester and sulfonate metabolism. To test this hypothesis, P. putida S-313 was grown in molybdenum-deficient medium with sulfate as the sulfur source and then transferred to sulfate-free medium with toluenesulfonate as the sole sulfur source. No significant difference in growth pattern was seen between the low-molybdate and high-molybdate media, although it should be noted that complete molybdenum starvation conditions may be difficult to attain (14) . However, in a separate experiment we were able to show that an E. coli moaA mutant (strain VJS1778 [39] ) which was deficient in molybdopterin biosynthesis was able to grow as well with pentanesulfonate as could the parent strain RK4353. In E. coli, at least, molybdopterin therefore appears not to play a role in the desulfonation process.
The SsuD protein is required for desulfonation of aromatic and aliphatic sulfonates. For complementation analysis of strain SN34, the entire ssuEADCBF operon was cloned into the broad-host-range medium-copy-number vector pBBR1MCS-3, to give plasmids pME4423 and pME4424. In pME4423 the ssuEADCBF genes were under the control of the lac promoter of pBBR1MCS-3, while the operon was in the opposite orientation in pME4424 (Fig. 1) . These constructs were introduced into strain SN34. Strain SN34(pME4423) displayed the same growth rate as the wild type with all of the sulfur sources tested ( Table 2 ), confirming that the ssuEADCBF operon is sufficient to complement all of the observed growth defects of strain SN34. Introduction of pME4424 into strain SN34 had no effect on the growth characteristics of the mutant strain, suggesting that a part of the ssu promoter region is missing (data not shown). Addition of a further 237-bp fragment to the proximal end of the operon in plasmid pME4424 generated plasmid pME4443 ( Fig. 1 and 4) . This construct was able to complement the negative growth phenotypes of strain SN34. Sequence analysis revealed that the insert in pME4424 terminated in the middle of a consensus 70 -type promoter about 40 bp upstream of the ssuE translation initiation site but that this promoter was restored in the longer construct, pME4443 (Fig. 4) . The presence of a putative rho-independent terminator sequence distal to the lsfA gene also suggests that the lsfA and ssuE genes are transcribed separately.
Deletions were then constructed in the ssuE, ssuA, and ssuD genes on pME4423 as described in Materials and Methods, and the resultant plasmids were tested for their ability to com-FIG. 3. Growth of P. putida PW7 (A) and P. putida PW7(pME4578) (B) in succinate minimal medium with different sulfur sources. Growth curves were measured in a SPECTRAmax Plus microtiter plate reader, as described in Materials and Methods. Sulfur sources: s, sulfate; E, hexylsulfate; F, nitrocatecholsulfate; OE, pentanesulfonate; ‚, benzenesulfonate; ‫,ء‬ methionine. O, no sulfur.
plement the growth phenotype of strain SN34. Deletion of ssuA had no effect on growth with any sulfur source tested (not shown). If ssuABC encodes a sulfonate transport system, as suggested above, it must therefore be duplicated on the chromosome. The FMN reductase encoded by ssuE was not required for growth with aliphatic sulfonates or with sulfate esters (Fig. 5B ). This agrees with the fact that no decrease in FMN reductase activity was observed in strain SN34, compared with the wild-type strain, and is presumably due to the presence of other FMN reductases in the cell. Surprisingly, growth with aromatic sulfonates required SsuE, and in this more complex enzyme system (49) the SsuE protein may be directly involved in a larger enzyme complex. To confirm that the SsuE protein indeed catalyzed FMN reduction, as expected by comparison to E. coli SsuE and P. aeruginosa MsuE, it was overexpressed in E. coli BL21(DE3) using plasmid pME4368, and FMN reductase activities in cell extracts were measured. SsuE revealed NADPH-dependent FMN reductase activity and lower levels of FAD reductase activity (32% of the value with FMN). No activity was observed with NADH.
No growth was seen with pentanesulfonate or benzenesulfonate in the absence of SsuD (Fig. 5C ). With sulfate esters as the sulfur source, growth was subject to an extremely long lag phase, although the final growth yield was not reduced. We conclude that the SsuD protein is the monooxygenase responsible for cleavage both of alkanesulfonates (as in E. coli [13] ; P. putida ssuD restored growth with alkanesulfonates to an inframe ssuD deletion mutant of E. coli [C. Wietek, unpublished data]) and of arylsulfonates. Growth with methionine or homocysteine was also not observed in the absence of ssuD. P. putida lacks the reverse transsulfuration pathway from methionine to cysteine that is present in P. aeruginosa, and methionine-sulfur is therefore cleaved to methanethiol by methionine lyase and probably converted to cysteine via oxidation to methanesulfonate and oxygenolytic cleavage to sulfite (48) . It was unclear why the loss of the SsuD oxygenase had an effect on growth with sulfate esters, so this was examined in more detail.
Hydrolysis of arylsulfate esters in P. putida by an arylsulfotransferase. To further investigate the role of the ssu gene products in sulfonate and sulfate ester utilization, we wished to compare the levels of enzyme activities responsible for desulfurization of these compounds, including alkanesulfonatase and alkyl-and arylsulfatase activities, in the wild-type and mutant strains. However, this was frustrated by the fact that sulfatases and sulfonatases are expressed only in the absence of sulfate or thiocyanate, i.e., during growth with organosulfur compounds as the sulfur source (5, 22, 48) . The pleiotropic growth phenotype of the mutant strains meant that they could not be cultivated under any conditions where the ssu genes were expressed.
Although strain SN34's inability to grow with sulfonates was clearly related to the loss of the SsuD sulfonatase, it was not clear how the loss of growth with sulfate esters could be explained for any of the mutants. In the related organism P. aeruginosa, arylsulfate utilization is dependent on the arylsulfatase protein, an enzyme which requires a posttranslational modification of an active-site formylglycine residue from a cysteine residue (11) . The mechanism by which this modification occurs has not yet been elucidated. To test whether any of the ssu gene products might play a role in this modification process, we FIG. 4 . Nucleotide sequence of the intergenic region between the P. putida lsfA and ssuE genes. The stop and start codons of lsfA and ssuE, respectively, are shown; the ribosome binding site of ssuE is underlined; and a putative rhoindependent terminator structure downstream of lsfA is indicated with arrows. The Ϫ10 and Ϫ35 sequences of a putative 70 -dependent promoter are boxed. Plasmids pME4424 and pME4443 begin at the points indicated. transformed strains S-313 and SN34 with the arylsulfatase gene (atsA) from P. aeruginosa and with the related atsBA genes from Klebsiella pneumoniae (41) . However, no significant difference was seen in sulfatase activities between the wild type and the mutant, ruling out a role for the ssu gene products in this process. In fact, we found that P. putida does not contain an arylsulfatase gene of the type found in P. aeruginosa, since Southern analysis of the P. putida S-313 chromosome using the P. aeruginosa atsA gene as a probe gave no signal, even under reduced-stringency conditions (data not shown). This was a surprising result, since arylsulfatase activity has been previously reported for this isolate (22) , although attempts to purify it were unsuccessful and enzyme activity was rapidly lost when the cells were lysed (our unpublished results). However, when phenol was added to the arylsulfatase assay, a dramatic increase in desulfation of nitrocatecholsulfate to nitrocatechol was observed. We therefore postulate that P. putida grows with aromatic sulfates by transferring the sulfate moiety onto an uncharacterized acceptor, from which it can be incorporated into the sulfate assimilation pathway. A range of possible sulfate acceptors were tested for their ability to stimulate arylsulfotransferase activity (Table 3) . Using nitrocatecholsulfate as a donor substrate, catechol was the best acceptor, followed by phenol, dopamine, and p-chlorophenol in decreasing order. Tyrosine and tyramine were poor acceptors, and serine did not act as an acceptor at all. Tyrosine-containing di-and tripeptides were not significantly better acceptors than tyrosine alone, but the data do not rule out the possibility that a tyrosine-containing protein is the natural acceptor in P. putida. Furthermore, it is noteworthy that with phenol, tyramine, or 4-hydroxybenzoate as an acceptor, the presence of a second hydroxyl group in the ortho position significantly enhanced activity. p-Chlorophenol was a better acceptor than p-nitrophenol, possibly because p-chlorophenol is expected to be present mainly in the protonated form under the assay conditions used, while p-nitrophenol is not.
DISCUSSION
Desulfurization of aromatic sulfonates by P. putida S-313 is carried out by a monooxygenase system, which incorporates molecular oxygen into the phenol product (54) , releasing the sulfur moiety as sulfite (49) . It has not yet been possible to stabilize this desulfonating oxygenase activity outside the cell, but a genetic approach has led to the identification of three loci which are required for growth of P. putida S-313 with aromatic sulfonates as the sulfur source (49) . The first of these loci, the asf gene cluster, comprised genes for a transcriptional regulator, an electron transport system, and a putative sulfonatebinding protein but not for the desulfonating monooxygenase itself (49) . In this report we show that the second of these three loci consisted of the ssuEADCBF genes, containing the FMNH 2 -dependent monooxygenase gene ssuD, which has previously been associated with alkanesulfonate metabolism in E. coli and Bacillus subtilis (13, 45) . For P. putida S-313, we have shown that the ssu operon not only is required for growth with alkanesulfonates but is central to much of organosulfur metabolism. SsuD was required for the desulfonation of alkyland arylsulfonates, was involved in growth with sulfate esters but was not essential in this process, and also enabled the cell to grow with methionine and methionine biosynthetic intermediates such as homocysteine. The ssuF gene product was found to be involved in the utilization of aromatic and aliphatic sulfate esters as well as aromatic and aliphatic sulfonates.
The ssu operon has been identified in several bacterial species, including both gram-negative and gram-positive species and enteric and soil bacteria (45, 46 ; Pseudomonas Genome Project website [http://www.pseudomonas.com/]) (Fig. 6) . The exact ordering of the genes within the operon varies between FIG. 6 . Genetic organization of related ssu and msu operons. The enzymes encoded in each gene cluster are putative oxygenases (s), NADH-dependent FMN reductases ( ), and the components of ABC-type transporters: periplasmic solute-binding proteins (1), ATP-binding proteins ( ), and permease proteins (3) . No definite function is known for the products of the ssuF and msuC genes (reference 23 and this paper). The genes are from E. coli (46, 47) , B. subtilis (45) (49) . Transformation of the asf operon into P. aeruginosa allowed this organism to grow with benzenesulfonate as the sulfur source (52) . Deletion studies (reference 49 and this study) showed that whereas aliphatic desulfonation required only the SsuD and SsuF proteins (SsuE is also presumably involved, but the flavin reductase function is probably duplicated within the cell), the minimum set of proteins required for the aromatic desulfonation reaction was SsuE, SsuD, SsuF, AsfA, and AsfB. Work to reconstitute the enzyme complex with these proteins and characterize the desulfonative enzyme activity in vitro is continuing in our laboratory. From a mechanistic standpoint, the difference in biochemistry observed between the aromatic and aliphatic desulfonation processes is not surprising. Desulfonation of aliphatic sulfonates involves oxygenation at the ␣-position to the sulfonate group to generate a hydroxy sulfonate which spontaneously decomposes to the corresponding aldehyde and sulfite (13, 43) . Oxygenation of benzenesulfonate, by contrast, requires the temporary disruption of the aromatic ring, to an unknown intermediate which decomposes to yield the corresponding phenol, releasing the sulfonate moiety as sulfite. The additional enzyme components required for aromatic desulfonation include a reductase-ferredoxin couple, and we speculate that this complex, perhaps in connection with the FMN reductase SsuE, provides reducing equivalents at the correct potential. Interestingly, in several of the FMNH 2 -dependent monooxygenases investigated, the FMN reductase has been shown to be involved with the oxygenase component at best as part of a loose complex, and the reduced FMN is a cosubstrate of the monooxygenase rather than an enzyme-bound prosthetic group as is the case for other flavin-dependent di-and monooxygenases. The enzymes of this family that have been studied include the nitrilotriacetate (NTA) and EDTA monooxygenase enzyme systems (44, 53) , the DBT monooxygenase DszC (15) , and the methanesulfonate desulfonatase from P. aeruginosa, MsuED (23) . For the first two it was also shown that the reductase could be replaced by the unrelated Vibrio fischeri flavin reductase without loss of function. Aliphatic desulfonation in P. putida occurred in the absence of SsuE (Fig. 5) , demonstrating that here too, SsuE can be replaced by other cellular FMN reductases. In contrast, aromatic desulfonation required the presence of SsuE. The reductase protein therefore not only may be required to supply diffusible FMNH 2 but may also play a structural role in the enzyme complex catalyzing aromatic (but not aliphatic) desulfonation, although there is no direct evidence for this yet.
The family of bacterial FMNH 2 -dependent monooxygenases that use FMNH 2 as a cosubstrate rather than as a prosthetic group is relatively small and includes the sulfonate oxygenases SsuD and MsuD; the NTA, EDTA, and DBT oxygenases mentioned above; an oxygenase involved in synthesis of the antibiotic pristinamycin II B (42) ; and bacterial luciferase (31) . Whereas the NTA system is quite substrate specific (NTA was the only substrate found for the NTA oxygenase [44] ), the EDTA monooxygenase accepts a broad range of aminopolycarboxylate substrates, and mutant analysis showed that the SsuD protein is also involved in metabolism of a variety of sulfonates. Interestingly, SsuD is not required for desulfurization of the natural sulfonates taurine and cysteate (Table 2) , an effect which may be mediated by charge and lipophilicity differences between xenobiotic substrates and natural sulfonates. It should be noted, however, that the natural substrates of the bacterial enzymes might not yet have been discovered. For the EDTA oxygenase, these could include natural aminocarboxylate metallophores (25) , whereas for SsuD we anticipate that many uncharacterized sulfonates may also be present in nature.
Upstream of the ssu operon in P. putida S-313 a further open reading frame was located, which we have designated lsfA. The N-terminal sequence of the encoded protein is Ͼ90% identical to that of the sulfate-repressed protein PA11 from P. aeruginosa (19) . The pa11 gene was identified in the preliminary release of the P. aeruginosa genome (http://www.pseudomonas .com/), and the PA11 and LsfA proteins were found to be 88% identical, confirming that lsfA encodes the P. putida homologue of PA11. By sequence comparison, LsfA is a putative member of the 1-Cys family of thiol-specific antioxidants (TSA), which are important in protecting bacterial cells from peroxides (7, 32) , and the P. aeruginosa LsfA protein indeed showed the expected TSA activity (our unpublished results). The upregulation of antioxidant proteins (LsfA in P. putida, LsfA and the alkylhydroperoxide reductase AhpC in P. aeruginosa [34] , and AhpC in E. coli [35] ) under sulfate limitation conditions may be a response to increased levels of desulfonative FMNH 2 -dependent monooxygenase systems such as SsuED or MsuED. When the cells are grown under aerobic conditions in the absence of sulfate, expression of the ssuE gene will lead to the generation of excess FMNH 2 in the cell, and if suitable substrates (e.g., sulfonates) are not present to use up these reducing equivalents, they will rapidly react with molecular oxygen, generating superoxide radicals that can lead to considerable cellular damage. The cell responds to this kind of oxidative challenge by inducing a number of antioxidant genes, under the control of the OxyR and SoxRS systems (40) , including genes encoding protector proteins of the TSA-AhpC family (7). It will be useful to see whether expression of the lsfA gene (which is separate from that of ssu [ Fig. 4]) is also under the control of these oxidative stress regulators and if the cells perceive sulfate starvation stress primarily as an oxidative challenge as well as a nutrient stress. Interestingly, the B. subtilis ssu operon is located directly downstream of the catalase gene katA, suggesting that this genetic arrangement may be a more general phenomenon.
The SsuD monooxygenase was also involved in growth of P. putida S-313 with sulfate esters (Fig. 5) . This was unexpected, since sulfatases are hydrolytic enzymes, and desulfonative oxygenation of these compounds has previously been demonstrated only for monomethylsulfate (17) . Closer examination revealed that P. putida S-313 does not in fact synthesize an arylsulfatase enzyme. Instead, during growth with nitrocat-echolsulfate, the sulfate moiety is transferred onto an unidentified acceptor by an arylsulfotransferase and then presumably transferred from the acceptor into the cysteine biosynthesis pathway. Sulfotransferases are well-characterized enzymes in mammalian systems, where they are involved in detoxification processes and catalyze the transfer of activated sulfate from 3Ј-phosphoadenosine-5Ј-phosphosulfate (PAPS) onto phenolic acceptor substrates (9) . A different type of sulfotransferase is found in bacteria, which accepts phenyl sulfate esters instead of PAPS as donors of the sulfate moiety (3, 8, 29) and is probably involved in sulfation of peptidyl tyrosine residues (26) . The arylsulfotransferase of P. putida S-313 may catalyze the reverse reaction to that seen in eukaryotes, thereby generating PAPS for cysteine biosynthesis, or alternatively, it may transfer the sulfate onto an unidentified intermediate molecule from which it can be oxygenatively cleaved by the SsuD monooxygenase to yield sulfite. The details of this reaction are currently under investigation in our laboratory.
